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Early anatomists noted the close juxtaposition of arteries and veins, which modern physiologists proposed
aided temperature regulation. In this issue ofDevelopmental Cell, Kidoya and colleagues (2015) demonstrate
that the secreted protein Apelin and hematopoietic-endothelial cell interactions create this arrangement,
providing genetic evidence for its function as a heat-exchange mechanism.It is axiomatic that blood vessels function
as conduits to supply tissues with oxygen
and nutrients. But do they also play other
important roles? Recent studies have
focused on molecular ‘‘angiocrine’’ roles
for blood vessel endothelial cells in devel-
oping and regenerating organs (Ramas-
amy et al., 2015). Less appreciated are
the physiologic organ- and organism-
specific roles of blood vessels that enable
animals to adapt to their natural environ-
ments. The concept that blood vessels
play such specialized roles was first
proposed by early anatomists whoSkin
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Figure 1. Lack of Arterio-Venous Alignment Impairs Temperature
Regulation in Apelin–/– Mice due to Loss of Countercurrent Heat
Exchange
Core body temperature regulation is in part maintained through countercurrent
exchange of heat that is transferred from the arterial blood coming from the
body to venous blood returning to the body as a result of their close physical
alignment in the skin. During cold stress, countercurrent exchange reduces
heat loss from the skin and enables the Apelin+/+ mouse to maintain a normal
core temperature (left). In the Apelin/ mouse, loss of arterio-venous align-
ment impairs countercurrent heat exchange, resulting in colder venous blood
and lower core body temperature (right). Larger arrows indicate direction of
blood flow in arteries (red) and veins (blue); smaller arrows indicate direction
of heat exchange. Colors indicate warmer (red) or cooler (blue) temperatures.observed complex vascular
networks that were unique
to specific organs (e.g., the
kidney or gills) or species
(e.g., the legs of birds with
webbed feet or the necks of
dogs). Galen called these
vascular networks retia
mirabilia (‘‘wonderful nets’’
in Latin) because their
complexity gave them a strik-
ing appearance compared
with typical blood vascular
networks (Cole, 1947).
It took more than 1,000
years for physiologists to
propose a functional role
for Galen’s retia mirabilia
as a mechanism for vascular
countercurrent exchange
(Mitchell and Myers, 1968).
In countercurrent exchange,
closely apposed vessels
transfer gases, heat, or elec-
trolytes to each other as one
enters the organ and the other
exits it (Figure 1). In fish, blood
flows through the gills in the
opposite direction of water
(i.e., countercurrent), therebymaintaining a steady gas gradient be-
tween the two as oxygen and carbon
dioxide are exchanged (Hazelhoff and
Evenhuis, 1952). In homeothermic ani-
mals such as birds and mammals,
vascular countercurrent heat exchange
has been proposed as a mechanism to
maintain core body temperature under
conditions of extreme cold or heat. Ducks
placidly paddling in an icy pond do not
lose body heat because countercurrent
heat exchange between afferent arteries
to efferent veins in their legs prevent
heat loss in the cold water (Steen andDevelopmental CeSteen, 1965). The panting dog has a
vascular plexus in its neck in which
venous blood cooled by evaporation in
the throat lowers the temperature of ca-
rotid blood heading to the brain (Baker
and Chapman, 1977). Measurements of
blood temperatures in arteries and veins
have suggested that humans, who sweat
to cool and are clothed in cold climates,
also utilize vascular heat exchange to
maintain core body temperature under
extreme conditions (Bazett et al., 1948).
The varied ways in which vascular net-
works are used for countercurrent ex-ll 33, May 4,change in nature suggest
that there must be specific
molecular and cellular path-
ways that direct their
formation during vascular
development. In this issue
of Developmental Cell, Ki-
doya and colleagues (2015)
combine elegant genetic and
physiologic studies to identify
Apelin signaling as one such
mechanism. Their studies
begin with the observation
thatmice lacking the secreted
protein Apelin or its G pro-
tein-coupled receptor APJ
develop a normal number of
arteries and veins in the skin,
but these vessels are not
aligned and closely juxta-
posed, as they are in wild-
type animals. Embryonic
studies reveal that alignment
takes place after, rather than
during, the formation of ar-
teries and veins in the skin,
and therefore must involve a
process of directed remodel-
ing that brings arteries and
veins together. Kidoya et al.2015 ª2015 Elsevier Inc. 241
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which venous endothelial cells and ves-
sels migrate toward their arterial counter-
parts. The veins in animals lacking Apelin
or APJ fail to break down collagen and
migrate toward arteries, a finding that
leads to the identification of MMP2 and
MMP9 as mediators of matrix degrada-
tion during this remodeling process.
Unexpectedly, the source of these prote-
ases is not the Apelin-responsive venous
endothelium, but instead proves to be
neutrophil lineage hematopoietic cells
that appear in the skin during mid-gesta-
tion and are also required for arterio-
venous (A-V) alignment. Through gene-
expression analysis of Apelin-deficient
skin endothelial cells, the authors iden-
tify secreted frizzled-related protein 1
(SFRP1), a putative WNT antagonist, as
the signal by which the venous endothe-
lium instructs these hematopoietic cells
to break down the matrix so that they
can migrate toward arteries. SFRP1 is
released by the venous endothelium in
response to Apelin-APJ signaling and is
also required for A-V alignment in the skin.
These developmental studies provide
several important new insights. First,
they demonstrate descriptively and func-
tionally that A-V alignment is not hard-
wired during the primary phases of arterial
and venous development, but is instead242 Developmental Cell 33, May 4, 2015 ª20accomplished through a complex pro-
cess of vascular remodeling. Second,
they identify a specific cascade of para-
crine signals between endothelial and
hematopoietic cells that orchestrates
this remodeling. Recent genetic studies
in mouse and fish have yielded a detailed
picture of the primary events in vascular
development, but we know little about
the mechanisms by which these early
vessels are remodeled into a mature,
functional vascular network. As these
studies reveal, the later phases of
vascular development are likely to be
complex and involve multiple cell types,
such as hematopoietic and smooth
muscle cells.
Significantly, the authors complete their
studies with physiological experiments
that provide a rigorous genetic test of
the vascular countercurrent mechanism
of temperature regulation. Apelin-defi-
cient mice are healthy in the carefully tem-
perature-controlled animal facility, but,
compared to wild-type animals, they are
less able to maintain their core body tem-
perature when exposed to extreme cold
or heat (Figure 1). These findings are all
the more striking given that Apelin defi-
ciency results in a loss of A-V alignment
in smaller arteries and veins in the skin
and hind limb, but not in larger trunk ves-
sels. Thus, even a relatively subtle defect15 Elsevier Inc.in A-V alignment in the skin has a measur-
able effect on temperature regulation. It
is exciting to see genetic studies test
physiological concepts that have been
accepted as dogma. In this case, they
validate older, classic physiological
studies, but it is likely that future ge-
netic studies will challenge and revise
accepted dogma and provide new in-
sights with implications for human health
and disease.REFERENCES
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